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ABSTRACT 

We describe the optical, near-infrared, and radio properties of a sample of hard (2 — 7 keV) X-ray 
sources detected in a deep Chandra observation of the field surrounding the Abell 370 cluster. We 
combine these data with similar observations of the Chandra Deep Field-North and the Hawaii Survey 
Field SSA13 to obtain a sample of 69 hard X-ray sources (45 are spectroscopically identified) with 
extremely deep 20 cm observations. We find that about 4% of the > L* galaxy population is X-ray 
luminous at any time and hence that black hole accretion has a duration of about half a Gyr. We find 
that about 30% of the summed 2 — 7 keV flux from our total sample is from sources at z <J 1. We 
estimate the bolometric luminosities of accretion onto supermassive black holes for our sample, from 
which we determine maximal mass inflow rates that increase from ~ 0.01 M Q yr _1 at z ^ 0.5 up to 
~ 10 M Q yr _1 at z > 1, assuming a canonical radiative efficiency e ~ 0.1. The time history of the 
accretion rate density is evaluated; its maximal integrated value is pbh = 6 x 10~ 35 g cm~ 2 , which is 
reasonably consistent with the value inferred from the local black hole mass to bulge mass ratio. 

Subject headings: cosmology: observations — galaxies: distances and redshifts — galaxies: evolution — 
galaxies: formation — galaxies: active 



1. INTRODUCTION 

X-ray surveys provide a direct probe of active galactic 
nuclei (AGN) and hence of supermassive black hole ac- 
cretion activity in the Universe. Soft X-ray samples are 
biased against sources with high line-of-sight absorption, 
so it is desirable to observe at the highest possible energies 
in order to obtain the most complete sample. Two 1 Ms 
Chandra exposures (Brandt et al. 2001b; P. Rosati, et al., 
in preparation) have essentially fully resolved the X-ray 
background (XRB) at about 1.5 x 10 -15 erg cm -2 s _1 in 
the 2 — 7 keV energy band, and the cumulative counts 
flatten rapidly below this flux level. The brighter (100- 
480 ks) Chandra (Mushotzky et al. 2000; Giacconi et al. 
2001; Hornschemeier et al. 2000, 2001; Brandt et al. 2001a; 
Garmire et al. 2001; Tozzi et al. 2001) and XMM-Newton 
(e.g., Hasinger et al. 2001) imaging surveys are therefore 
finding nearly all the hard X-ray sources, and the analysis 
of these surveys will provide a comprehensive understand- 
ing of the nature of the sources that comprise the XRB at 
these energies. 

The excellent < 1" X-ray positional accuracy of Chan- 
dra permits the secure identification of the optical coun- 
terparts to the X-ray sources. One of the most interest- 
ing results obtained from optical follow-up observations is 
that almost half of the hard X-ray light arises in optically 
bright galaxies (7 < 23.5) in the z < 1.5 redshift range. 
The other half arises in a mixture of higher redshift AGN 



and optically faint galaxies (I > 23.5), many of whose red- 
shifts likely lie in the range z = 1.5 to 3, based on their 
colors (Crawford et al. 2001; Barger et al. 2001a; Cowie et 
al. 2001). 

Almost all of the optically bright sources can be spectro- 
scopically identified, and most are bulge-dominated galax- 
ies with near-L* luminosities. Contrary to the situation 
for the faint ROSAT soft X-ray sources (Schmidt et al. 
1998), the vast majority (> 85%) do not have broad op- 
tical or ultraviolet lines, and about half of the optically 
identified sources show no obvious high ionization signa- 
tures of AGN activity. The Chandra hard X-ray sources 
prior to the 1 Ms data are generally too faint to allow 
the multiparameter fits to the X-ray spectra that would 
directly measure the intrinsic column densities. However, 
the soft to hard X-ray flux ratios suggest that the sources 
are highly absorbed systems whose high column densities 
could effectively extinguish the optical, ultraviolet, and 
near-infrared continua from the AGN and render tradi- 
tional identification techniques ineffective. 

One of the most exciting avenues in the study of the 
hard X-ray source populations is determining the times 
and duration of distant supermassive black hole activity. 
Barger et al. (2001a) found that about 7% of optically lu- 
minous galaxies are X-ray active at any time. A similar 
active fraction (6%) was later found by Hornschemeier et 
al. (2001) for the 225 ks Chandra Deep Field-North (CDF- 
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N) data. Thus, these studies suggest that, on average, ac- 
cretion activity lasts for on order of half a Gyr over the 
lifetime of a galaxy. 

In this paper we present a multiwavclcngth study of 
the hard X-ray sources detected in the field containing 
the z — 0.37 massive lensing cluster A370 (Bautz et al. 
2000), the SSA13 field (Mushotzky et al. 2000; Barger 
et al. 2001a, hereafter B01), and the CDF-N field (Horn- 
schemeier et al. 2001, hereafter H01). 

Bautz et al. (2000) presented the detection in hard X- 
rays of the two distant submillimeter sources at z = 2.80 
and z = 1.06 behind the A370 cluster; these sources are 
gravitationally amplified by factors of 2.4 and 2.1, re- 
spectively. The remaining 13 hard X-ray sources are not 
strongly affected either by the cluster lens (amplifications 
between 1 and 1.3) or by the diffuse emission from the clus- 
ter. In the following analysis we take into account the two 
large amplifications but neglect the smaller amplifications, 
treating the remaining objects as a field sample. 

When we combine the A370 data with the SSA13 and 
CDF-N data, we obtain a sample of 69 hard X-ray selected 
sources with extremely deep 20 cm and optical imaging 
data. We have spectroscopic redshifts for 45 of the 69 
sources. We use our combined sample to determine the 
optical properties of the X-ray sources that comprise the 
hard XRB, the duty cycle of X-ray activity, and the lumi- 
nosities associated with AGN accretion. We then evaluate 
the mass inflow rate onto the supermassive black holes and 
deduce the time history of the accretion rate density. 

We take H Q = 65 h 65 km s _1 Mpc -1 and use an 
= 1/3, J^A = 2/3 cosmology throughout. 

2. A370 SAMPLE AND OBSERVATIONS 
2.1. X-ray Observations 

Chandra observed A370 on 22-23 October 1999 for a 
total of 93.7 ks with the ACIS S3 detector. The tele- 
scope optical axis was pointed approximately 2.4' E of the 
cluster center. The ACIS focal plane temperature dur- 
ing the observation was —110° C. The detectors were read 
out in timed-exposure mode and events were processed on 
board in faint mode. The (re)processed data were deliv- 
ered by the Chandra X-ray Observatory Center (CXC) on 
4 September 2000. 

We processed the Level 2 CXC data products using 
standard methods. Periods of background flaring were re- 
moved using the tool lc_clean devloped by Maxim Marke- 
vitch. The total S3 counting rate (0.1 to 10 keV) was mea- 
sured in 100 s time bins, and a quiescent background of 
1.59 counts s _1 (over the full S3 detector) was estimated 
from one 17 ks period. Time bins in which the observed 
background differed from the quiescent value by more than 
2.3 a were excluded from our subsequent analysis. The net 
flare-free exposure time was 63.2 ks. 

We restrict attention to events occurring in the S3 de- 
tector with ASCA grades 0, 2, 3, 4, and 6 and with 
energies between 0.3 and 7 keV in order to maximize 
the signal-to-noise ratio. The 0.3 — 7 keV background 
level in source-free regions of the field is (2.09 ± 0.02) x 
10 -6 counts s _1 arcsec~ 2 . 

We used the CIAO tool wavdetect, with a significance 
parameter value of 10~ 7 , to search for sources in the 
0.5 - 7 keV, 0.5 - 2 keV, and 2 - 7 keV bands. A to- 



tal of 34, 25, and 17 sources, respectively, were detected 
in each band. The expected false detection rate in each 
band is 0.1 source. We selected all sources that were more 
than 15" from the chip edges; this removed one soft and 
hard band source from the wavdetect sample. The in- 
dividual soft and hard band sources were then reviewed 
and compared with the results of a cell detection method. 
Two hard band sources detected by wavdetect had only 
5 counts each. One of these sources could not be repro- 
duced with the cell detection method and was removed. 
The other source was measured to have 8.3 counts in a 2" 
radius aperture. For this source we have used the counts 
determined by the aperture photometry; it is marked in 
Table 1. Subsequent work on the 1 Ms CDF-N data has 
shown that wavdetect detections with a significance pa- 
rameter of 10~ 7 are highly reliable (see §3.2.3 of Brandt et 
al. 2001b), but, for the present paper, we have chosen to 
remain with our initial sample selection. We are left with 
a total of 15 hard X-ray sources in our A370 sample. 

We converted the detected counts for each source into 
fluxes assuming a photon spectral flux distribution func- 
tion ^ cx E~ T , modified by the expected Galactic ab- 
sorbing column density of 4.0 x 10 20 cm -2 , assuming an 
intrinsic T — 2. In creating exposure maps to account for 
energy-dependent vignetting and detector efficiency vari- 
ations using the CIAO tools mkinstmap and mkexpmap, 
we also assumed V = 2. Since the fluxes in the SSA13 
and CDF-N fields were analyzed with a harder T (V = 1.2 
was the counts- weighted mean photon index for the SSA13 
sample, and T = 1.4 was assumed for sources in the CDF- 
N sample when the individual Ts could not be determined) , 
we repeated the counts-to-flux conversion procedure on 
our A370 sample using T = 1.2. We found that soft band 
fluxes increased by 25% and hard band fluxes increased by 
33%. To be more consistent with the SSA13 and CDF-N 
samples, we adopt these correction factors in our subse- 
quent analysis. 

Ten of the 34 sources detected in the broad-band image 
with wavdetect coincide within 2" with radio sources de- 



tected at high significance with the VLA (see §2.4). The 
mean position offsets (Chandra - VLA) for these sources 
are 0.4" and 0.0" in right ascension and declination, re- 
spectively. The dispersion of the positions is 0.55". We 
have corrected the positions in the tables to allow for this 
small offset. 

Figure II] shows the Chandra 2 — 7 keV image of A370 
with the final 15 hard X-ray source positions identified by 
small circles. Table 111 details these 15 sources, ordered by 
increasing RA. The nrst five columns in Table [l] include 
the source identification, RA(2000), Dec(2000), 2-7 keV 
flux, and 0.5 — 2 keV flux. Table details the supplemen- 
tary 14 sources in our field that were not detected in the 
hard band but were detected in the soft band. The first 
four columns include the source identification, RA(2000), 
Dcc(2000), and 0.5 — 2 keV flux. The remaining entries in 
the tables are discussed in subsequent sections. 

2.2. Optical and Near-Infrared Imaging 

Deep multicolor images (V, R, I) that cover the A370 
Chandra field were obtained using the Low-Resolution 
Imaging Spectrometer (LRIS; Oke et al. 1995) on the Keck 
10 m telescopes. Wide-field near-infrared images were ob- 
tained with the UH 2.2 m telescope using the University 
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of Hawaii Quick Infrared Camera (QUIRC; Hodapp et al. 
1996) and a notched HK' (1.9 ± 0.4 //m) filter. Details of 
the observations can be found in Cowie et al. (2001) and 
E. Hu, L. Cowie, & R. McMahon, in preparation. 

Figure [2] shows thumbnail /-band images of the 15 hard 
X-ray sources listed in Table [l| In selecting the optical 
counterparts, we considered only sources within a 1.5" ra- 
dius of the nominal X-ray position. The optical separa- 
tions are given in column 11 of Table 1. The magnitudes 
were measured in 3" diameter apertures at the optical cen- 
ter and corrected to approximate total magnitudes using 
an average offset (Cowie et al. 1994); henceforth, we refer 
to these as corrected 3" diameter apertures. The HK', I, 
R, and V magnitudes are given in columns 6-9 of Tabic 1. 
The 2cr limits are approximately HK' = 20.9, I = 24.9, 
R = 26.1, and V = 26.1. All of the sources have identi- 
fications in the I band, and none of the counterparts are 
fainter than I = 23.5, which was found to be the effective 
optical limit for spectroscopic identification of the sources 
in the SSA13 hard X-ray sample (B01). 

2.3. Keck Spectroscopy 

We made spectroscopic observations of the X-ray 
sources in the A370 field using LRIS slit-masks on the 
Keck 10 m telescope on UT 2000 February 6 and 2001 
January 23-24. We positioned the slit at the center of 
the optical counterpart. We used 1.4" wide slits. In the 
February run we used the 300 lines mm -1 grating blazed 
at 5000 A, which gives a wavelength resolution of approx- 
imately 16 A and a wavelength coverage of approximately 
5000 A. The wavelength range for each object depends on 
the exact location of the slit in the mask but is generally 
between ~ 5000 and 10000 A. In the January run we used 
either the 400 lines mm -1 grating blazed at 8500 A, which 
gives a wavelength resolution of approximately 12 A and 
a wavelength coverage of approximately 4000 A, or the 
600 lines mm -1 grating blazed at 10000 A, which gives a 
wavelength resolution of approximately 8 A and a wave- 
length coverage of approximately 2500 A. We used the 
D560 dichroic to obtain simultaneous LRIS-B observations 
with the 600 lines mm -1 grism blazed at 5000 A, which 
for our slit width gives a wavelength resolution of approx- 
imately 7 A and a wavelength coverage of approximately 
2000 A. 

Each slit mask was observed for 1.5 hr, broken into three 
sets of 0.5 hr exposures. Fainter objects were put in more 
than one mask to provide longer total exposures. Condi- 
tions were photometric with seeing ~ 0.6" — 0.8" FWHM. 
The objects were stepped along the slit by 2" in each 
direction, and the sky backgrounds were removed using 
the median of the images to avoid the difficult and time- 
consuming problems of flat-fielding LRIS data. Details of 
the spectroscopic reduction procedures can be found in 
Cowie et al. (1996). 

We successfully obtained redshift identifications for 10 of 
the 15 hard X-ray sources in our sample. Two others were 
already identified in the literature: source 12 from Ivi- 
son et al. (1998) and source 11 from Barger et al. (1999b) 
and Soucail et al. (1999). The spectra for the hard X-ray 
sources (except source 12) are shown in Fig. ||, and the red- 
shifts are given in column 10 of Table [l| Strong emission 
line features are marked on the plots. We also obtained 
redshift identifications for 8 of the 14 additional soft X- 



ray sources in the field, and these are given in column 5 of 
Table |. 

2.4. Radio Observations 

A very deep 1.4 GHz map of the A370 field was obtained 
by F. Owen, et al., in preparation, with the National Ra- 
dio Astronomy Observatory's Very Large Array (VLA). 
The data comprise 45 hr in A configuration and 20 hr in 
B configuration, using the spectral-line correlator mode 
together with short integration times to eliminate band- 
width smearing. A large field-of-view (40' in diameter) was 
completely imaged. In the region covered by the Chandra 
results reported here, the effective resolution is 1.6 arcsec- 
onds and the rms noise is typically 5.5 — 6.5//Jy, depending 
on details of the residual sidelobe distribution from nearby 
sources; thus, we have adopted 20 fiJy as a 3a upper limit 
for undetected sources. The radio fluxes were measured at 
the highest peak within 2" of each X-ray position; these 
fluxes are given in column 12 of Table [l] and column 6 of 
Table |. 
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Fig. 4. — J magnitude versus 2 — 7 keV flux for the hard X- 
ray sources in the A370 (squares), CDF-N (triangles), and SSA13 
(diamonds) fields. Sources with spectroscopic identifications are de- 
noted by filled symbols. The horizontal dotted line at / = 23.5 
indicates our magnitude division between optically faint and opti- 
cally bright galaxies; all but seven of the sources brighter than this 
limit have spectroscopic identifications. The dotted vertical line at 
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is the hard X-ray detection limit for the 



A370 and the SSA13 samples. The hard X-ray flux of one of the 
sources in the A370 field (source 12) is fainter than the hard X-ray 
detection limit after correcting for cluster magnification. 



3. COMBINED A370, CDF-N, AND SSA13 DATASETS 

We hereafter use a combined hard X-ray sample from 
the A370, CDF-N, and SSA13 fields. In order to merge 
the samples we converted the 2 — 10 keV fluxes from B01 
and the 2-8 keV fluxes from H01 to the 2 - 7 keV 
band using T = 1.2. The X-ray detection limit for the 
A370 and SSA13 samples is 2.4 x 10~ 15 erg citT 2 s" 1 
(2 — 7 keV), and the detection limit for the CDF-N sample 
is 5.6 x 10~ 16 erg cm" 2 s _1 (2-7 keV). For the present 
work we have restricted the CDF-N sample to sources with 
fluxes greater than 1.0 x 10~ 15 erg cm -2 s _1 (2 — 7 keV) to 
provide a conservative sample with uniform flux selection 
over the field area. This CDF-N sample, adapted from 
H01, is given in Table § We include in the table HK' 
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and -B-band magnitudes from Barger et al. (1999a) and A. 
Barger, et al., in preparation, respectively. We also include 
20 cm data from Richards et al. (2000). The combined 
sample consists of 69 sources with 2 — 7 keV fluxes ranging 



from 1.0x10 15 erg cm 2 s 1 



to 2.5x10 14 erg cm 2 s 1 . 



We have circled the sources with broad emission lines in 
their spectra. These sources tend to lie to the left of the 
evolved galaxy tracks for a given redshift, indicating sub- 
stantial optical brightening due to the AGN's optical emis- 
sion. 
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Fig. 5. — Redshift versus I magnitude for the 45 hard X-ray 
sources with spectroscopic identifications in the A370 (squares), 
CDF-N (triangles), and SSA13 (diamonds) fields and for an / < 24 
field galaxy sample from the CDF-N, SSA13, and SSA22 (small sym- 
bols) fields. Superimposed are Coleman, Wu, &; Weedman (1980) 
evolved tracks for an early-type galaxy (solid) and an irregular 
galaxy (dashed) with Mj = —22.5. Sources with broad emission 
lines are circled. 



4. OPTICAL PROPERTIES OF THE COMBINED HARD 
X-RAY SAMPLES 

4.1. Magnitudes 

In Fig. H we plot / magnitude versus 2 — 7 keV flux for 
the combined sample. The filled symbols denote sources 
with spectroscopic identifications; 45 of the 69 sources 
(65%) have redshift identifications, and all but seven of 
the sources brighter than / = 23.5 (as indicated by the 
horizontal line) have redshifts. The three samples are very 
similar in their distribution of optical magnitudes and red- 
shift identifications. 

The median and mean / magnitudes as a function of 
hard X-ray flux are summarized in Table 4. As has been 
noted previously (e.g., HOI), the data are consistent with 
a constant optical to hard X-ray ratio, though there is a 
very wide range of optical magnitudes for a given X-ray 
flux. 

In Fig. ^| we plot redshift versus I magnitude for the 
45 spectroscopically identified hard X-ray sources in the 
combined sample (large symbols). For comparison, we 
include on the figure an optically selected I < 24 field 
galaxy sample (small symbols). We superimpose on the 
figure tracks calculated from the spectral energy distribu- 
tions (SEDs) of Coleman, Wu, & Weedman (1980) for an 
early-type galaxy (solid) and an irregular galaxy (dashed) 
in the absence of evolution, both with absolute magnitude 
Mj = —22.5 in the assumed cosmology. B01 noted that 
the hard X-ray sources predominantly lie in the most opti- 
cally luminous galaxies, and as Fig. || shows, this is also the 
case for the combined sample. Brandt et al. (2001a) have 
recently noted that this property appears to continue to 
hold to fainter X-ray flux levels, ~ 3 x 10~ 16 erg cm~ 2 s _1 . 




Fig. 6.— (a) / - HK' color versus redshift and (b) / - HK' 
color versus HK' magnitude for the hard X-ray sources in the A370 
(squares), CDF-N (triangles), and SSA13 (diamonds) fields with 
optical and/or near-infrared detections (two sources — one in the 
CDF-N field and one in the SSA13 field — with only limits on 
both magnitudes are not shown). The spectroscopically uniden- 
tified sources are nominally placed at z = 2 (slight redshift offsets 
have been applied to allow the three fields to be distinguished). The 
source from the SSA13 field that has a millimetric redshift of 1.8 
(as deduced from the submillimeter to radio flux ratio; see B01) is 
shown as an open diamond in (a) at z = 1.8. The overlays are Cole- 
man, Wu, & Weedman (1980) tracks for an early-type galaxy (solid 
curve) and a spiral galaxy (dashed curve) with M HK i = —25.0. 



4.2. Optical Spectral Classification 

Following B01, we classify the optical spectra of the hard 
X-ray sources into three general categories: (i) broad emis- 
sion lines, (ii) clear signs of [NcIII] and/or [NeV] and/or 
CIV, and (iii) no sign of any of the above signatures. The 
spectra are generally of high quality, and strong high ion- 
ization lines are easily seen. We have included four new 
redshifts in the CDF-N sample (sources 9, 13, 15, and 30); 
these spectra will be presented in a forthcoming paper (A. 
Barger, et al., in preparation). We measured all but three 
of the redshifts in Table || from our own Keck LRIS spec- 
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tra. The redshifts of the three sources in our table for 
which we do not have Keck spectra (sources 22, 25, and 
26) are taken from the compilation in HOI (the first two 
were measured by HOI from Hobby-Eberly Telescope spec- 
tra, and the last one was measured by Cohen et al. (2000) 
from a Keck LRIS spectrum.) Table || gives the numbers 
of sources in each of the three optical spectral classes for 
each sample. The identified fractions across the samples 
are divided fairly evenly into sources that show broad or 
high ionization lines in their optical spectra and sources 
that show no such optical signatures. 

4.3. Colors 

In Fig. ||a we plot / — HK' color versus redshift for 
sources in the combined sample with measured HK' and 
I magnitudes or limits and spectroscopic identifications 
(filled symbols). We place sources without spectroscopic 
identifications at z = 2 and identify them with open sym- 
bols. In Fig. ||b we plot I — HK' versus HK' for sources 
with measured HK' and I magnitudes or limits. The over- 
lays are Coleman, Wu, & Weedman (1980) tracks for a 
non-evolving early-type galaxy (solid curve) and a spiral 
galaxy (dashed curve) with Mhk' — —25.0. The colors 
of most of the spectroscopically identified z < 1.5 galaxies 
are in the range of the galaxy tracks. A sizeable fraction of 
the spectroscopically unidentified sources have colors that 
are consistent with luminous galaxies at z > 1.5. 
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Fig. 7. — Redshift versus 2 — 7 keV flux for the hard X-ray sources 
in the A370 (squares), CDF-N (triangles), and SSA13 (diamonds) 
fields. Sources with spectroscopic identifications are denoted by 
filled symbols. The dotted vertical line at 2.4 X 10 -15 erg cm -2 s _1 
is the hard X-ray detection limit for the A370 and SSA13 samples. 
The dashed horizontal lines separate the sources into redshift bins. 
The percentages indicate how much hard X-ray flux originates in 
each redshift bin relative to the total flux in our sample. Spectro- 
scopically unidentified sources are arbitrarily plotted at the top of 
the figure and are not included in the listed percentage contribu- 
tions; many are likely to lie in the redshift range z = 1.5 to 3. 

4.4. Redshift Distribution 

We show the redshift distribution of the sources versus 
hard X-ray flux in Fig. [?], where we also give the percentage 
of the hard X-ray flux originating in each redshift interval 
relative to the total flux in our sample. Figure ^ shows 
that about 30% of the summed hard X-ray flux from all of 
our sources has occurred since z — 1, when the Universe 



was half its present age. The spectroscopically uniden- 
tified sources (which are most likely to lie in the redshift 
range z — 1.5 to z — 3) are not included in the percentages 
given, but the spectroscopically identified sources already 
make up about three-quarters of the summed hard X-ray 
flux in our sample. 

5. THE DUTY CYCLE OF X-RAY ACTIVITY 

The Chandra data allow us to estimate the duty cycle 
of X-ray activity in galaxies. Spectroscopically identified 
hard X-ray sources are common in bulge-dominated (see 
thumbnail images in Fig. ||; see also Fig. 2 of B01 and 
Fig. 6 of H01) optically luminous galaxies (see Fig. ||). In 
B01 we measured the X-ray properties of known luminous 
galaxies in an optically selected field galaxy sample and 
found that 7±|% were X-ray active. 

10 -1 | ; 
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Fig. 8. — i?-band luminosity function from the 2 = — 1 com- 
bined hard X-ray selected sample (histogram; uncertainties are la). 
The local ij-band luminosity functions of Lin et al. (1996; dotted 
line) and Geller et al. (1997; solid line) are shown for comparison. 

Here we adopt a different approach: we construct the 
optical luminosity function (LF) of our X-ray selected sam- 
ple and compare it with the local LF. The optical LF of 
red galaxies is relatively invariant over the z = to 1 
redshift range (Lilly et al. 1995). In order to make the 
most direct comparison, we have chosen to construct an 
i?-band LF using our z — — 1 hard X-ray selected sam- 
ple. In cases where we do not have a measured i?-band 
magnitude for a galaxy, we have estimated the R magni- 
tude using an average R — I = 0.6 color (measured from 
galaxies in the CDF-N) and the galaxy's / magnitude. In 
computing the absolute rest-frame magnitudes, Mr, we 
have used K-corrections appropriate for an Sb galaxy. 

We first made a histogram of the absolute rest-frame 
magnitudes and then divided the numbers in the bins by 
the z = — 1 comoving volume. Figure || shows the result 
and a comparison with the local i?-band LFs of Lin et al. 
(1996) and Geller et al. (1997) (the parameters for both 
were taken from the compilation by Geller et al.) The LF 
is X-ray flux selected and would increase slowly as the flux 
selection was decreased below 1.0 x 10~ 15 erg cm~ 2 s _1 , 
but this effect may be expected to be small because the 
cumulative counts converge rapidly below this flux limit. 
Formally, the current X-ray selected LF is a lower bound to 
the luminosity density of galaxies showing X-ray activity. 
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If we integrate the local LFs and our histogram above 
L* (with H = 65 km s" 1 Mpc" 1 , M* = -21.66 for Geller 
et al. and M* = -21.58 for Lin et al.), we find that 4± 1% 
of the galaxies arc X-ray active. If we extend the integral 
down to 0.5 L*, the percentage is 1.5 ± 0.5% using Geller 
et al. and 2 ± 0.5% using Lin et al. 

If the fraction of > L* galaxies showing such behavior 
reflects the fraction of time that each galaxy spends ac- 
creting onto its supermassive black hole, then each such 
galaxy must be active for about half a Gyr. The duration 
of X-ray activity is much longer than the theoretically es- 
timated accretion time of 0.01 Gyr for black hole fuelling 
by a merger (Kauffmann & Haenelt 2000) and may sug- 
gest that the accretion is being powered by many small 
mergers or by internal flows within the galaxies, at least 
in the z — — 1 rcdshift range. 

6. BOLOMETRIC LUMINOSITIES 

Following B01, we use our multiwavelength dataset to 
estimate bolometric luminosities (Lbol — Lfir+Lopt + 
Lx) for our combined hard X-ray selected sample. For 
the spectroscopically unidentified sources, we nominally 
assume z = 2. 

As in § 3.3 of B01, we allow for the average effects of 
opacity in the calculation of our hard X-ray luminosities 
by normalizing the flux at 4 keV for a T = 2 spectrum 
to the flux at 4 keV calculated over the 2 — 7 keV energy 
range for a spectrum with photon index T = 1.2. Then 



4 7T d\ fax 



(1) 



where f H x is the 2 - 7 keV flux of Table [| and Table |. For 
this energy range the Lhx equation would be the same if 
we had instead used T = 1.4. The inferred hard X-ray 
luminosities for the sources in the A370 and CDF-N fields 
are given in column 3 of Table [| 

The total X-ray luminosity is only weakly sensitive to 
the adopted energy range for a photon index r = 2. For 
an energy range from 0.1 to 100 keV, the ratio of the to- 
tal X-ray luminosity, Lx, to the 2 — 7 keV luminosity is 
ln(1000)/ln(3.5) = 5.5. The total X-ray luminosities of 
the sources are smaller than the contributions to the bolo- 
metric luminosities from other wavelengths. 

We estimate the luminosities in the ultraviolet/optical 
using the equation given in § 4.3 of B01, 



^OPT 



4 7T d\ (9.4 x 10 15 ) / 25 oo(i+ z ) (1 + z)- 1 (2) 



where g?l is the luminosity distance in cm and /25oo(i+z) 
has units erg cm~ 2 s _1 Hz -1 . For the CDF-N sample, 
/ 2 5oo(i+ z ) is interpolated from the observed fluxes that cor- 
respond to the magnitudes given in Table [|, and, where 
available, the measured R magnitudes from H01 and the 
U' (3400A) magnitudes from G. Wilson, et al., in prepa- 
ration. For sources that have substantial galaxy light con- 
tamination, Lopt is an upper limit on the AGN contribu- 
tion in the ultraviolet/optical. 

For the A370 field, where we have substantially less 
imaging data, we have only been able to calculate Lopt 
for the five sources in Table |l| with sufficient magnitude 
coverage — given the measured or assumed redshifts - 
to allow reliable interpolations (sources 3, 4, 5, 6, and 



12). The inferred bolometric ultraviolet/optical luminosi- 
ties for the A370 and CDF-N sources are listed in column 4 
of Table §. 

The bolometric far-infrared (FIR) flux is related to the 
rest-frame 20 cm flux through the well-established FIR- 
radio correlation (Condon 1992) of local starburst galaxies 
and radio-quiet AGN. The correlation also seems to hold 
at high redshift (e.g., Carilli & Yun 2000; Barger, Cowie, & 
Richards 2000). It is not entirely known what mechanism 
produces the relationship. In galaxies without a powerful 
AGN, the radio luminosity is dominated by diffuse syn- 
chrotron emission; thus, the tight empirical correlation is 
thought to be a consequence of the radio continuum emis- 
sion and the thermal dust emission both being linearly 
related to the massive star formation rate. In the present 
systems a substantial fraction of the FIR luminosity may 
also be of AGN origin rather than from star formation, 
but the only strong statement that we can make is that 
the FIR luminosity from the AGN is bounded above by 
the FIR-radio correlation result from §6.3 of B01, 

L FIR = 4 7T d\ (8.4 x 10 14 ) f 2Q (1 + z)-°- 2 (3) 

Here dh is in cm and /20 has units erg cm~ 2 s _1 Hz -1 . 

The inferred bolometric FIR luminosities or limits for 
the hard X-ray sources in the A370 and CDF-N fields are 
given in column 5 of Table ^. The luminosities for the 
sources that are not detected above the radio 3cr limit are 
calculated as upper limits based on the 3(7 limit. The 
SSA13 hard X-ray, optical, and FIR luminosities can be 
found in Table 2 of B0 1. 

In Fig. H we plot the ratios Lpm/ Lhx (open symbols) 
and Lopt / Lhx (filled symbols) versus redshift for the 
spectroscopically identified sources for which we were able 
to estimate Lopt- The FIR light dominates over the op- 
tical light in a high fraction (73%) of the sources. For 
the sources in the A370 field for which we were unable to 
estimate Lopt, we take Lfir to be the upper limit to 
the bolometric luminosity. For all sources we are neglect- 
ing possible contributions in the extreme ultraviolet, for 
which we do not have data. 




Fig. 9. — Ratio of the bolometric optical (filled) and radio in- 
ferred FIR (open) luminosities to the hard X-ray luminosities versus 
redshift for the A370 (squares), CDF-N (triangles), and SSA13 (dia- 
monds) fields. Spectroscopically unidentified sources are not shown. 
Downward pointing arrows indicate the use of 3cr radio limits in es- 
timating the FIR luminosities. 
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7. ACCRETION HISTORY 

The mass inflow rate into a black hole, dM/dt or Mbh, 
is related to the AGN's bolometric luminosity by cMbh = 
Lbol/c , where e is the radiative efficiency of the accre- 
tion energy. With Mbh m units of M Q Gyr -1 , the relation 
is 



M BH = 1-76 x 10 5 (0.1/e) (L BO l/10 42 ) 



(4) 



where Lbol is m units of erg s _1 . 

If we make the simplifying assumption that e has an 
approximately universal value, e ~ 0.1, we can evaluate 
Mbh for our hard X-ray sources. We calculate Mbh up- 
per bounds from our estimated values of Lbol (§q) and 
lower bounds with Lbol replaced by Lx ■ 
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Figure [lO] shows the Ms if values versus redshift for the 
canonical e = 0.1. The upper bounds in Fig. [To| a are on 
average about a factor 20 higher than the lower bounds in 
Fig. pLOp, but the trends with redshift discussed below are 
similar for both. To generate a 10 9 M Q black hole over 
an accretion period of order 0.5 Gyr, an M of the order of 
2 Mq yr _1 is required. 

The lower envelope of the Mbh versus redshift plot sim- 
ply reflects selection bias, since high redshift sources with 
low Mbh will not be detected in the current hard X-ray 
surveys. The upper envelope of the distribution strongly 
reflects the changing strength of the maximal accretion 
rate with redshift, although some of the change is due 
to the volume increase with redshift, which gives a higher 
chance of finding very luminous sources (AV for a z = 2 — 3 
bin is a factor 3.3 larger than for a z = — 1 bin). At z ^ 1 
the inferred accretion rates are up to two orders of magni- 
tude larger than those at z <^ 0.5. Thus, the most violent 
episodes of black hole growth occurred at early times. For 
z < 1, log(MBH) increases approximately linearly with 
redshift. If the Chandra surveys are still missing AGN that 
suffer from Compton thick absorption, then these sources 
would selectively appear at lower redshifts since the effec- 
tive column density is a factor of (1 + z) 2 6 lower than the 
true column density (B01). 



10" 



10" 4 



10" 



5 " lO- 



ci 

< 10" 7 



10" 



0.0 



0.5 



1.0 1.5 2.0 

REDSHIFT 



2.5 



3.0 



0.0 0.5 



1.0 1.5 2.0 
REDSHIFT 



2.5 3.0 



Fig. 11. — The accretion rate density (dpBH/dt or Pbh) of the 
combined hard X-ray sample versus redshift for four redshift bins: 

< z < 0.5, 0.5 < z < 1, 1 < z < 1.5, and 1.5 < z < 3. The solid 
data points are calculated from the bolometric luminosities, and the 
open data points are calculated from the bolometric X-ray luminosi- 
ties. The curves illustrate a (1 + z) 3 dependence, normalized to the 

1 < z < 1.5 redshift bin. 



Fig. 10. — The mass inflow rate (dMgfj/dt or Mbh) versus 
redshift for the hard X-ray sources in the A370 (squares), CDF- 
N (triangles), and SSA13 (diamonds) fields calculated using either 
(a) the bolometric luminosities, Lbol-, or (b) the bolometric X-ray 
luminosities, Lx- Downward pointing arrows in (a) indicate the use 
of 3cr radio limits in calculating the FIR luminosities. In (a), spec- 
troscopically identified sources are denoted by filled symbols and 
spectroscopically unidentified sources are denoted by open symbols, 
nominally placed at z = 2 (a slight offset in redshift has been applied 
to the unidentified sources with radio limits). In (b), we invert the 
above for contrast, such that the spectroscopically identified sources 
are denoted by open symbols, and the spectroscopically unidentified 
sources are denoted by filled symbols. The source in the SSA13 field 
with a millimetric redshift of 1.8 (as deduced from the submillimetcr 
to radio flux ratio; see B01) is shown as a diamond at z = 1.8. 



From the Mbh versus redshift distribution, we can 
deduce the time history of the accretion rate density 
(ARD), pbh = J2^bh/AV, where the sum is over the 
sources in a bin Az and AV is the comoving volume el- 
ement in Mpc 3 , which is proportional to the area cover- 
age. The A370, CDF-N, and SSA13 fields have areas of 
56, 78, and 64 arcmin 2 , respectively, giving a total area 
A = 198 arcmin 2 . The maximal and minimal results for 
the ARD history, determined from the upper and lower 
bounds of Fig. [l(j, are given in Fig. O. Again, this is nor- 
malized with a value of e ~ 0.1, and the accretion rates 
scale as e~ l . 

The time history of the ARD seems to fall roughly as 
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(1 + z) 3 , as illustrated by the overlaid curves in Fig. [TT], 
although the evolution could be slower considering the 
present limitations in deducing the mass inflow rates. This 
redshift dependence is similar to that inferred in star for- 
mation histories (or, more directly, in rest-frame ultravio- 
let light densities) where slopes over the z = — 1 interval 
have measured values in the range 1.5 to 4 (Lilly et al. 
1996; Cowie, Songaila, & Barger 1999; G. Wilson, et al., 
in preparation). 

We integrate the maximal accretion rate density from 
z = to z = 3 to obtain a current black hole mass density, 
Pbh = 6 x 1CP 35 g cm~ 3 . This density can be compared 
to the spheroidal mass density of 10 -32 g cm -3 , which is 
accurate to about a multiplicative factor of 2 (Cowie 1988; 
Fukugita et al. 1998). The ratio Pbh/psph — 0.006 is rea- 
sonably consistent with the black hole-bulge mass relation 
M BH = 0.001—0.002 M bu i ge found locally (e.g., Wandel 
1999; Ferrarese & Merritt 2000; Gebhardt et al. 2000). 

8. SUMMARY 

The bulk of the hard X-ray background has already been 
resolved by deep Chandra surveys. In this paper we have 
presented follow-up multiwavelength studies of the AGN 
sources that comprise the background to ascertain their 
nature. By combining datasets from our previous stud- 
ies of the CDF-N and SSA13 fields with new results on 
the A370 cluster field, we have amassed a large sample 
of 69 hard X-ray sources, of which 45 now have redshifts. 
With our optical, near-infrared, and 20 cm images of the 
fields, we have made a general analysis of AGN accretion 
phenomena. Our principal findings are as follows: 

(i) About 4% of the > L* galaxy population is X-ray 
luminous at any time, and hence the average duration of 
supermassive black hole accretion is about half a Gyr. Ac- 
cretion activity might occur over this long a period in all 
galaxies, or some galaxies might be active for much longer 
periods while others are completely inactive. 



(ii) We determined the X-ray, optical, and FIR luminosi- 
ties of the hard X-ray sources. We then estimated the mass 
inflow rates onto the supermassive black holes, assuming a 
canonical radiative efficiency e = 0.1. We determined max- 
imal inflow rates using Lbol = Lfir + Lopt + Lx (this 
assumes the dominant component, Lpm, is entirely due to 
reradiation of AGN light) and minimal rates using only the 
bolometric X-ray luminosities. These estimates differ by 
about a multiplicative factor of 20. Over the range z = 0.1 
to z = 1, log Mbh increases approximately linearly with 
redshift. Above z = 1, log Mbh flattens with redshift 
with a substantial scatter that may be due to a range of 
efficiencies, e, or to differences in the luminosities; the ab- 
sence of sources at z > 1 with log Mbh < 0.1 is likely a 
selection effect. The maximal mass inflow rates increase 
from ~ 0.01 M yr" 1 at z ^ 0.5 up to ~ 10 M Q yr _1 at 

(hi) We estimated the accretion rate density, dpsn/dt, 
versus redshift. The time history of the accretion rate 
density seems to fall roughly as (1 + z) 3 . This is a sim- 
ilar dependence to that inferred in star formation his- 
tories. For the maximal ARD, the integrated value is 
Pbh — 6 x 10~ 35 g cm -3 , which is reasonably consistent 
with the local black hole mass relation combined with the 
estimated spheroidal density. 
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Table 1 

Hard X-ray Sources in the A370 Field 



# 


RA(2000) 


Dec(2000) 


/(2 - 7 kcV) 
(10~ la erg cm~ 2 s -1 ) 


/(0.5 - 2 kcV) 
(10 -16 erg cm~ 2 s _1 ) 


HK' 


I 


R 


V 


z 


A8 

(arcscc) 


5(200111) 

(MJy) 





2 40 06.72 


-1 36 56.2 


2.9 ±0.9 


22.8 ±3.3 




18.6 


19.8 




0.421 n 


0.6 


30 


1 


2 40 04.76 


-1 38 11.6 


5.7 ± 1.5 






23.4 








1.4 


182 


2 


2 40 00.86 


-1 33 13.2 


4.4 ± 1.2 


10.5 ±2.3 


17.6 


20.1 


21.5 


22.3 


0.730" 


0.5 


25 


3 


2 40 00.25 


-1 32 34.1 


4.4 ± 1.2 


22.6 ±3.3 




22.1 


23.0 


23.6 


1.650 b 


0.3 


< 20 


4 


2 39 58.98 


-1 35 48.9 


11.2 ± 1.8 


45.3 ±4.7 


18.3 


20.0 


20.6 


21.0 


1.603 b 


0.3 


< 20 


5 


2 39 58.62 


-1 32 59.9 


6.5 ± 1.4 


26.1 ±3.6 


18.8 


23.0 


24.2 


24.8 




0.4 


29 


6 


2 39 58.14 


-1 32 36.1 


3.7 ± 1.1 






23.0 


24.1 


24.8 




0.3 


29 


7 


2 39 57.92 


-1 38 52.5 


2.8 ± 1.0 a 






21.7 






0.731 n 


0.8 


116 


8 


2 39 57.83 


-1 37 05.9 


2.4 ±0.9 


13.5 ±2.6 




23.1 






0.688 n 


0.4 


39 


9 


2 39 57.74 


-1 36 04.6 


2.5 ±0.9 




18.4 


20.8 


21.8 


22.8 


0.474 h 


0.4 


< 20 


10 


2 39 57.17 


-1 32 59.4 


5.1 ± 1.3 




15.8 


18.3 


19.3 


20.4 


0.360 n 


0.2 


28 


ll c 


2 39 56.59 


-1 34 26.6 


28.3 ±2.9 


9.5 ± 2.5 


16.8 


19.6 


20.9 


21.7 


1.060 h 


0.3 


296 


12 d 


2 39 51.83 


-1 35 58.5 


5.4 ± 1.3 




18.4 


21.2 


21.9 


22.6 


2.800 h 


0.4 


124 


13 


2 39 49.66 


-1 38 45.4 


5.6 ± 1.4 


89.0 ±6.7 




20.9 






1.512 b 


0.5 


52 


14 


2 39 49.22 


-1 36 57.3 


13.1 ±2.0 


65.5 ±5.7 




21.3 


21.8 


22.2 


3.268 b 


0.4 


28 



Note. — a Flux based on counts measured in a 2" radius aperture. c Flux and magnitudes uncorrected for magnification by a factor of 2.1. 
d Flux and magnitudes uncorrected for magnification by a factor of 2.4; spectrum from Ivison ct al. (1998). In column (10) the superscript "b" 
denotes sources with broad emission lines, "h" denotes sources with high ionization lines, and "n" denotes a "normal" galaxy spectrum. Source 
13 coordinates are the means of the positions in the soft and hard bands. For source 11, which appears to be a radio jet, we have used the flux 
associated with a bright peak near the X-ray source, which may be considered an upper limit on the flux associated with the object. For source 
12 we have used the radio flux at the X-ray position, excluding emission which appears to arise in the neighboring optical emission-line object. 
Source 1 appears to be a radio double, and the radio flux may not be directly associated with the X-ray source. 



Table 2 

Supplemental Soft X-ray Sources in the A370 Field 



# 


RA(2000) 


De 


c(2000) 


/(0.5 - 2 keV) 
(10~ 16 erg cm~ 2 s^ 1 ) 


z 


5(200111) 

(A*Jy) 


so 


2 40 10.60 


-1 


37 04.7 


3.1 ± 1.2 


3.025 


< 20 


SI 


2 40 06.17 


-1 


34 01.0 


6.7 ± 1.8 


0.553 


40 


S2 


2 40 05.30 


-1 


36 31.2 


8.8 ±2.1 




< 20 


S3 


2 40 03.70 


-1 


39 43.1 


4.1 ± 1.5 




< 20 


S4 


2 40 02.16 


-1 


35 09.0 


5.1 ± 1.6 




37 


S5 


2 40 00.92 


-1 


35 16.2 


6.2 ± 1.8 


0.380 


< 20 


S6 


2 40 00.12 


-1 


31 58.1 


7.0 ± 1.9 




< 20 


S7 


2 39 58.74 


-1 


37 50.4 


5.2 ± 1.6 




< 20 


S8 


2 39 58.64 


-1 


33 09.2 


22.5 ±3.3 


1.303 


21 


S9 


2 39 56.35 


-1 


31 36.9 


28.5 ±3.8 


0.026 


883 


S10 


2 39 54.64 


-1 


32 33.5 


199. ± 10. 


0.045 


358 


Sll 


2 39 52.93 


-1 


34 26.2 


8.6 ±3.1 




< 20 


S12 


2 39 47.53 


-1 


35 12.2 


7.7 ±2.1 


1.605 


< 20 


S13 


2 39 40.30 


-1 


34 31.2 


11.6 ± 2.5 


0.423 


76 
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Table 3 

Hard X-ray Sources in the CDF-N Field 



M- 

ff 


i\ i\ ame 
C 19000*1 

^ J iUUU ) 


jyz i kcv ) /iu.o 

fin - 15 pro-^m~ ^ 
^_lu erg cm 


9 

— A KC V ) 

S I 


HK f 


j 


V 




Z 


O l^ZUCIIl ) 





123615.9+621515 


2.39 


0.19 


> 21.5 


24.4 


26.1 


> 26.1 




54 


1 


123616.0+621107 


12.10 


1.05 


21.1 


24.4 


> 26.4 


> 26.1 




< 23 


2 


123617.0+621011 


3.31 


1.87 


18.7 


21.7 


24.0 


24.3 


0.845 n 


62 


3 


123618.0+621635 


10.40 


6.32 


18.0 


19.9 


21.4 


22.3 


0.679 n 


47 


4 


123618.5+621115 


7.25 


7.66 


18.2 


21.0 


22.0 


21.8 


1.022 b 


< 23 


5 


123619.1+621441 


1.42 


1.34 


21.1 


24.3 


25.2 


> 26.1 




< 23 


6 


123621.3+621109 


1.16 




18.3 


21.9 


26.1 


25.6 


1.014 n 


53 


7 


123622.6+621028 


2.18 


1.09 


20.9 


24.7 


25.9 


> 26.1 




< 23 


8 


123622.9+621527 
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7.69 


18.7 


20.0 


20.5 


20.4 


2.590 b 


< 23 


9 


123627.5+621026 


3.94 


0.25 


20.4 


22.8 


25.2 


25.9 


0.761" 


< 23 


10 
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1.09 
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25.7 
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88 
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19.0 
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0.957 h 


< 23 


15 
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0.97 
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< 23 


16 
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0.41 
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0.857 h 


150 


17 


123646.3+621404 
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0.961 h 
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23.0 
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19 
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23.3 
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> 26.1 




< 23 


20 a 


123651.7+621221 


2.60 


0.18 


> 22.6 


> 25.3 


22.9 


23.6 




49 


21 


123658.8+621435 


5.47 


2.48 


17.9 


20.4 


22.5 


23.0 


0.678 n 


< 23 


22 


123702.7+621543 


16.03 


5.41 


17.2 


19.2 


21.0 


21.0 


0.514 n 


< 23 


23 


123704.6+621652 


1.15 


1.18 


18.2 


20.1 


21.4 


22.3 


0.377 h 


< 23 


24 


123704.8+621601 


4.91 


2.91 


> 21.5 
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< 23 


25 
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14.72 


18.0 


19.6 


20.0 
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< 23 


26 
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1.00 




18.5 
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24.1 


0.475 n 


< 23 


27 
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1.60 


0.84 


20.2 


24.0 
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26.0 




< 23 


28 


123714.8+621617 


1.18 


0.66 


20.4 


23.3 


24.0 


24.3 




< 23 


29 
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1.15 




19.2 


22.3 


25.0 


25.5 


1.019 h 


< 23 


30 
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14.56 


4.57 


18.8 


22.2 


24.3 


24.9 


1.147 h 


346 


31 


123724.0+621304 


2.20 


0.27 


20.4 


23.6 
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< 23 


32 
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< 23 


33 
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0.41 


18.7 


22.2 
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90 



Note. — a X-ray coordinate offset from bright galaxy at z = 0.401 is 1.2"; radio coordinate offset from bright galaxy 
is 1.4". In column (10) the superscript "b" denotes sources with broad emission lines, "h" denotes sources with high 
ionization lines, and "n" denotes a "normal" galaxy spectrum. 



Table 4 

Optical to Hard X-ray Fluxes 





Range 


# Sources 


</(2 - 7 keV)> 


(I) 


median I 


(HT 1 


erg cm~ 




(1(T 15 erg cm~ 2 s _1 ) 








1-2 


19 


1.4 


21.8 


23.0 




2-5 


27 


3.0 


19.0 


22.8 




> 5 


23 


11.3 


19.8 


20.5 
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Table 5 

Spectral Classes for the A370, CDF-N, and SSA13 Hard X-ray Samples 



Class 


A370 


CDF-N 


SSA13 


Summed 


Broad Line 


4 


4 


2 


10 


High Ionization 


3 


7 


5 


15 


'Normal' 


5 


9 


6 


20 


Unidentified I < 23.5 


3 


4 





7 


Unidentified I > 23.5 





10 


7 


17 



12 



Table 6 

Luminosities for the A370 and CDF-N Hard X-ray Samples 



Number z Lhx Lopt Lfir 

(10 42 ergs s" 1 ) (10 42 ergs s" 1 ) (10 42 ergs s" 1 ) 
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Fig. 1. — Chandra hard X-ray image of the A370 field. The 15 significant hard X-ray source positions are identified by the small circles 
The X-ray image has been smoothed with a 2.5" boxcar smoothing to allow the X-ray sources to be clearly seen. 
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Fig. 2. — 9" X 9" /-band thumbnail images of the A370 hard X-ray sources listed in Table 1. The images are from ultradeep data obtained 
with LRIS on Keck. The identification numbers are as in Table 1. A circle of 1.5" radius, typical of the maximum positional uncertainty, 
is superimposed on each thumbnail. Rcdshifts, where available, are given in the lower left-hand corners of the thumbnails. North is up and 
East is to the left. For the more luminous objects we have shown the images at higher surface brightness to allow the positions of the objects 
with respect to the centers of the galaxies to be seen. 
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Fig. 3. — Keck LRIS spectra of the A370 hard X-ray sources with secure redshift identifications (except source 12). The spectra are shown 
in the rest frame with source number and the measured redshift at the bottom of the frame. Dashed lines mark strong atmospheric absorption 
or emission features. 
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